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Abstract

:

The enhancement of the wear resistance has long been important for bearing steels, hampered in part by the lack of suitable surface strengthening techniques. In this study, ultrasonic shot peening (USP) is employed to enhance the wear resistance of the M50 bearing steel by generating an ultrastrong surface layer with gradient nanograins. The effects of USP treatment on the surface integrity, microstructures, and wear behavior of M50 steel are investigated. The microstructural observation shows that the gradient nanograined surface layer is over 200 μm thick. The lath martensite is refined to nano-martensitic subgrains with few low angle boundaries in the USP-treated M50 steel. Additionally, the microhardness of the nanostructured M50 steel is increased from 795 HV to 987 HV with a penetrating depth of around 800 μm. Wear tests show that the wear rate of the USP-treated M50 steel is reduced by 50.4% under sliding conditions compared to that of the untreated samples. The significantly enhanced wear resistance of the USP-treated M50 is attributed to the ultrastrong gradient nanograined surface layer. The wear mechanism of the USP-treated M50 steel changes from oxidative wear and severe plowing wear to mild plowing wear. Additionally, the thickness of the plastic deformation layer generated during the friction process is reduced. This work provides the materials scientists and engineers with an efficient surface treatment method to enhance the wear resistance of high-strength steels.
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1. Introduction


The bearings applied on aeroengine shafts are required to serve under vibration stresses, high rotational speeds, and aggressive lubrication, etc. [1]. Among the steels for aerospace bearings, M50 steel is widely used because of its excellent dimensional stability and hardness retention in high-temperature environments [2]. As bearings inevitably suffer from wear during operation, wear failure caused by surface abrasion is one of the main failure modes for aerospace bearings [3]. Therefore, it is necessary to explore a surface strengthening technique to effectively improve the wear resistance of M50 steel.



Surface nitriding and alloying techniques have been widely employed to improve the wear properties of metal alloys [4,5,6]. However, these techniques are costly and usually performed at high temperatures, which may compromise the service life of metallic materials. In terms of the mechanical surface-strengthening process, shot peening (SP) is a typical and generally accepted method [7]. SP can lead to plastic deformation and work hardening of the material surface through the constant impact of high-speed shots [8]. Residual compressive stresses are introduced in the surface layer of the material after shot peening, which enhances the wear resistance, stress corrosion resistance, and fatigue resistance of the bearings [9]. Generally, bearing parts need to have good surface accuracy to maintain their long-term operation [10,11]. However, SP reduces the surface quality of the material and affects the lubrication state of the in-service tribological components inside the bearing, which is detrimental to the fatigue life [12]. Therefore, SP cannot be applied to high-precision bearing products owing to its deterioration in surface roughness. If the subsequent superfinishing process is performed, then the limited strengthening layer will be removed. These disadvantages render SP a poor strengthening method for the bearing materials since they must have a tough core and a hard surface to retard the initiation of cracks against fatigue and wear failures [13,14]. Laser shock impact treatment is also an effective method of surface strengthening due to its minimal effect on surface accuracy [15]. However, laser shock impact treatment can not provide a deep enough strengthening layer, so its application on aerospace bearings may be difficult [16].



The USP treatment is suitable for application to bearings because a gradient nanostructured surface layer with a spatially graded microstructure from nanometers to microns could be obtained [17,18]. The sufficiently deep strengthening layer provides opportunities for the application of USP on aerospace bearings. Based on traditional shot peening, USP uses ultrasonic vibrational energy to drive the shots to fly within the chamber, impacting the exposed sample surface and thus strengthening the material surface. USP has the advantages of low energy consumption, low pollution, short processing time, strong controllability of process parameters, and wide application [19,20]. Chen et al. reported that a grain-refined strengthening layer with grain sizes of less than 10 nm could be obtained on a pure copper surface layer by employing USP [21]. With the increase of surface strain during USP treatment, various microstructures such as dislocation sources, dislocation cells, and nanostructures are generated in the surface grains, leading to the separation of grains into nanoscale subgrains [22,23]. The nanocrystalline structures induced by USP have many positive effects. For example, high residual compressive stress [24] and surface hardness [25] after USP treatment improve the fatigue resistance [26] and corrosion resistance [27]. Besides, higher wear resistance under sliding conditions is also observed in some alloys due to the increased hardness and residual stress on the surface [28]. Previous studies have confirmed the significant improvement of surface mechanical properties of metal alloys by USP. However, no systematic study investigating the role of USP treatment on the surface integrity, microstructure development, and wear behavior for bearing steels has been published to date.



In this work, the effects of USP on the changes of surface roughness, microstructure, hardness, residual stress, and wear resistance of M50 steel have been investigated. The evolutionary behavior of microstructure and dry sliding wear mechanism of the surface layer of M50 steel after USP treatment are discussed in detail.




2. Materials and Methods


2.1. Materials


The M50 bearing steel used in this study is a Φ70 mm bar received in the annealed state. The composition of the material is provided in Table 1. The bar was cut into 5 mm thick plates by wire electrical discharge machining, followed by quenching and tempering (QT) heat treatment: firstly, the plates were held in a vacuum furnace (WZGQ-30) at 1090 °C for 25 min, then quenched in oil at 60 °C, and finally, three successive high temperature tempering at 530 °C for 2 h. The samples with dimensions of 28 mm × 28 mm × 4 mm were mechanically polished with 320–2000 grit SiC sandpapers and 1 μm diamond suspension in preparation for the USP treatment.



Electron back-scattered diffraction (EBSD) was used to investigate the microstructure of the M50 matrix. Figure 1 shows the inverse pole figure (IPF) map, grain boundary map, and kernel average misorientation (KAM) map of the matrix of M50 after QT heat treatment. The main microstructure of M50 is martensite with an average grain size of 1.83 μm (Figure 1a,d). In the grain boundary map, red lines stand for the low angle boundaries (LABs) with misorientation 2–15°, while blue lines indicate the high angle boundaries (HABs) with misorientation >15°. The statistical results show that the content of LABs of the M50 matrix is 17.2%. The KAM map reflects the strain history and dislocation density of the materials in different regions. The red points in the KAM map indicate high plastic strain, blue points indicate low plastic strain, and white points represent alloy carbides in M50. The high and low plastic strains are uniformly distributed in the M50 steel matrix with an average KAM degree of 2.21°.




2.2. USP Treatment


The USP treatment was applied with homemade equipment, and the schematic diagram is shown in Figure 2a. The equipment is mainly composed of the ultrasonic generator, the transducer, the sonotrode, the chamber, and shots. In this study, the power of the ultrasonic generator was fixed at 1.5 kW, the WC balls with a diameter of 4 mm were used as shots, and the USP processing durations were 1 min, 5 min, and 10 min. The surface status of the sample after 10 min of USP treatment is shown in Figure 2b. The treated area is obviously rougher.




2.3. Materials Characterizations


The confocal laser scanning microscopy (LSM 800, Zeiss, Oberkochen, Germany) was used to measure the surface roughness of samples with different USP treatment durations. The software (ConfoMap® ST, Zeiss, Oberkochen, Germany) was used to analyze the surface topography. No filters were applied in this work. The X-ray diffraction (XRD) data were obtained with a scanning speed of 1°/min on a diffraction analyzer (D/MAX-RB, Rigaku, Tokyo, Japan). SEM and EBSD were used to characterize the cross-sectional microstructure changes, including grain size, dislocation density, and grain boundaries. The scan step of EBSD is set to 90 nm to ensure the validity of the data. TEM tests were performed by a field emission transmission electron microscope (Tecnai G2 F30, FEI, Hillsboro, OR, USA) to reveal the influence mechanism of USP on the microstructure of M50. The Vickers hardness of each sample was measured by a microhardness tester (HVT-1000A, Huayin, Laizhou, China) held at a loading force of 1000 g for 10 s. To prevent inaccurate data of surface hardness, the depth distribution of Vickers hardness was measured by the peeling method. The surface of the samples was ground with sandpapers, and the thickness is reduced by 25–50 μm layer by layer. For each grinding layer, 5 points were measured randomly and the average value was taken as the Vickers hardness of the layer.




2.4. Wear Tests


UMT-2 multifunctional friction and wear tester was employed to perform pin-on-disk (POD) testing to evaluate the effect of USP treatment durations on the dry sliding wear resistance of M50 bearing steel. The Al2O3 balls of 10 mm in diameter were used as the pin. The POD tests were conducted at a speed of 360 rpm (0.188 m/s) under a load of 50 N at 300 °C for 3600 s. The friction coefficient was obtained by real-time monitoring of the friction force sensor. After wear tests, the wear scars were observed by a surface profiler (MMD-HPG120, Wilson, Guangzhou, China) to obtain the wear volume. To quantify the wear resistance, the wear rate is calculated according to Archard’s classical wear formula [29]:


  W = Δ V /  (  N · L  )   



(1)




where  N ,  L , and   Δ V   denote the load, sliding distance, and wear volume, respectively. The wear tests were performed three times for each test condition to ensure the reproducibility of the experimental data. The wear morphology of the samples was analyzed by SEM after wear tests. In addition, the cross-sectional microstructure of the wear track was characterized by SEM.





3. Results


3.1. Surface Roughness


The surface quality of the bearing is very important to the friction performance and fatigue life. Figure 3 shows the surface topography of M50 steel after different USP treatment durations. The sample before the USP treatment has a smooth surface with a Sa of 0.024 μm. After USP treatment, the surface of M50 steel is subjected to the high-speed impact of shots and undergoes violent plastic deformation. As shown in Figure 3b–d, the surface of M50 steel after USP treatment has many pits and peaks, and the increase of surface roughness is obvious. Meantime, the maximum surface profile height and surface roughness tend to increase with the USP treatment duration (from Sa 2.53 μm at 1 min to Sa 3.31 μm at 10 min).




3.2. X-ray Diffractograms


Figure 4 illustrates the surface XRD patterns of M50 steel treated by USP with different treatment durations. In Figure 4a, the main composition of M50 steel without USP treatment is martensite with diffraction peaks (110)α, (200)α, (211)α and (220)α. After the USP treatment, the diffraction peaks have no significant changes compared to the untreated ones, indicating that no new phase is formed. After USP treatment, the (200)α, (211)α, and (220)α peaks of martensite shift to lower diffraction angles (Figure 4b–d), which may be related to the tensile/compressive residual stress and crystal orientation caused by plastic deformation [30]. At the same time, the peak widths for each peak have been gradually widened with the increase of USP treatment duration. The broadening of diffraction peaks can be explained by Scherrer’s formula [31].


  D = k λ / β cos θ  



(2)




where  D  is the average grain size,  k  the Scherrer constant,  λ  the wavelength of the X-ray (1.5406 nm),  β  the FWHM value, and  θ  the Bragg angle for the peak. The equation demonstrates that the smaller the average grain size of the material, the broader the X-ray diffraction peak. Therefore, the X-ray diffraction results show that the USP treatment has a significant effect on the grain refinement of the surface layer of M50 steel.




3.3. Gradient Nanograined Structure


Figure 5 shows the SEM micrographs of the cross-sectional microstructure of the M50 steel with different USP durations. Before USP treatment, the microstructure of M50 steel consists of lath martensite and undissolved alloy carbides (Figure 5a). Almost no retained austenite exists, which is consistent with the results of XRD. After USP treatment, the lath martensite has been refined evidently. With the increase of USP treatment duration, the martensitic refinement effect becomes more pronounced, and the phase interface gets blurred (Figure 5d). At the same time, the lath martensite near the surface layer of M50 steel is gradually distorted due to the accumulated plastic deformation under the continuous impact of shots. Inevitably, with the increase of surface roughness, the impact of high-energy shots also causes delamination in the surface layer. No significant changes were observed for the alloy carbides distributed in the matrix.



To investigate the effect of USP treatment on the microstructure of M50 steel, EBSD tests were performed to analyze the changes in martensite packet diameter, grain boundaries, and KAM distribution. As shown in Figure 6, EBSD scanning was taken from the top surface up to 200 μm depth to visually characterize the microstructure refinement effect. The IPF image in Figure 6a shows that the martensite packet diameter is refined after USP treatment. A gradient distribution of microstructure in the depth direction is obtained, and the microstructure in the near-surface region is significantly refined with indistinguishable grain boundaries. The statistical analysis of the divided regions in Figure 6d shows that the average martensite packet diameter has a linear relationship with the depth from the surface. The average martensite packet diameter near the surface layer is 0.44 μm, which is 76% smaller than that of the untreated samples (1.83 μm) in Figure 1. The thickness of the layer with submicron-grained martensite less than 1 μm exceeds 80 μm (light yellow background color in Figure 6d). At the depth of 200 μm from the surface, the average size of the martensite of the USP treated samples (1.59 μm) is still lower than that of the base material, indicating that the depth of surface grain refinement exceeds 200 μm.



Figure 6b depicts the grain boundary map of the cross-sectional microstructure. The LABs in the region near the surface are reduced, followed by an increase, but then again decreased (with the increase in depth). The percentage of LABs proportion near the surface region is merely 9.9%, which may be related to the formation of subgrains and large lattice orientation differences. With increasing depth from the surface (<100 μm), the orientation difference between grains decreases, leading to a gradual increase in the proportion of LABs. In the depth range of 100–200 μm, the LABs proportion decreases with increasing depth, which may be associated with the decreasing of subgrains.



Figure 6c shows the KAM map of the cross-sectional microstructure. Large plastic strain can be observed in the surface layer of the USP treated M50 steel. The average value of KAM near the surface layer is increased to 4.54°, indicating that USP treatment can induce a large plastic strain in the surface layer of M50 steel. Meanwhile, there is a depth gradient effect of plastic strain, the average value of KAM decreases with the depth. Up to the depth of 200 μm, the average value of KAM is 2.32°, which is still higher than the KAM value of the base material. This indicates that the influence depth of USP on M50 steel exceeds 200 μm. In addition, the KAM value reflects the content of geometrically necessary dislocations (GNDs) by the following equation [32].


   ρ  G N D   =   2 K A  M  a v g     μ b    



(3)




where   K A  M  a v g     is the average KAM value of the selected area,  b  the Burgers vector magnitude (0.248 nm for BCC iron), and  μ  the step size. The larger the KAM value, the higher the dislocation density. In the KAM plot, the red color dominates the near-surface region of the cross-section, indicating the high density of dislocation in the near-surface layer of the USP-treated M50 steel. As the KAM value gradually decreases with increasing depth, the dislocation density also decreases.



To investigate the effect of USP treatment of M50 steel at the nanoscale, TEM tests were performed on the base material and USP treated samples, as shown in Figure 7. The TEM observations were conducted at the topmost surface for the 10 min USP treated sample. The HADDF-STEM image in Figure 7a shows that the original microstructure of the M50 steel is mainly coarse lath martensite. After USP treatment, the coarse lath martensite transforms into a finer martensite structure. The width of the original lath martensite is about hundreds of nanometers. After USP treatment, the bright-field and dark-field images (Figure 7d,f) show that a large number of subgrains are formed inside the original lath martensite. The width of the martensitic subgrains is quite small, some even less than 20 nm. The diffraction spots of the selected area electron diffraction in Figure 7d have small arcs, which indicates the deformation and rotation of the subgrain boundaries [33].




3.4. Microhardness and Residual Stress


Figure 8 compares the change in Vickers hardness at different depths from the surface of M50 steel with different USP durations. There is little variation in microhardness at different depths for untreated M50 steel at 795 HV. After USP treatment, an ultrastrong surface layer with gradient hardening is obtained. There is a significant increase in microhardness and a gradient along the depth direction. The longer the USP treatment time, the more pronounced the microhardness increase and the deeper the hardening depth. With 10 min USP treatment, the maximum microhardness of M50 steel has increased to 987 HV, which is a 24% increase relative to the base material, and the hardening depth is around 800 μm with 10 min USP treatment. Different from the monotonic decrease in microhardness with depth reported in the literature [26,34,35], the microhardness of USP treated M50 steel first increases and then decreases with increasing depth. This follows with the trend of LABs proportion along the depth direction (Figure 6d).



The introduction of residual compressive stresses can increase the structural stability of metallic materials and improve the resistance to crack expansion. Figure 9 shows the residual stress on the surface of M50 steel treated with different USP durations. Before USP treatment, the original microstructure has a certain residual compressive stress due to the prior QT treatment. After the USP treatment, due to the high-speed continuous impact of the shots, the surface residual compressive stress increased from 427.0 MPa to 1202.8 MPa, which is more than twice the stress in the base material. Additionally, the residual compressive stress tends to increase with a longer USP treatment duration. The surface residual compressive stress is consistent with the variation trend of hardness, which is in line with the findings of Zhang et al. [36].




3.5. Wear Behavior


Figure 10a shows the variation of the friction coefficient of USP treated M50 steel as a function of time. Starting from a small value, the friction coefficient stabilizes within the first few minutes at ~0.45. The effect of USP treatment on the friction coefficient is minimal, and only a slight increase in the friction coefficient of USP treated M50 steel is observed. After 60 min of dry sliding friction at 300 °C, the section profile of the wear track is shown in Figure 10b. While the depth of the wear track with 1 min of USP treatment is deeper than that of the base material, it is decreased for all other durations. Meanwhile, the width of the wear track (Figure 10c) shows that 1 min UPS does not affect the property so much and the width of 1.48/1.50 mm is within the range of experimental errors. For the 10 min USP-treated sample, the width of the wear track is reduced to 1.28 mm. Figure 10d statistically illustrates the variation of friction coefficient and wear rate. The friction coefficient tends to increase slightly with the USP treatment duration, while the wear rate first increases and then decreases with the USP treatment duration. The wear rate is reduced by 50.5% compared to the base material after 10 min USP treatment.



Figure 11 illustrates SEM characterizations of the worn surface of M50 steel with different USP durations. On the worn surface of the base material (Figure 11a), big grooves parallel to the sliding direction and wear debris can be found, which may result from the plowing wear. According to the distributions of the oxygen element of the worn surface (inserted in the image), larger areas of oxide debris are covered on the worn surface, showing that the oxidation is serious for the base material. Whereas, on the worn surface of the USP-treated samples, there is a significant reduction in the size of the grooves and a decrease in the degree of oxidation. Meanwhile, as the USP treatment time increases, the size of the grooves formed during the wear test gradually decreases and the surface oxidation is lower.



To further investigate the effect of USP treatment on the frictional behavior of M50 steel, the cross-sectional microstructure after the wear test was characterized by SEM, as shown in Figure 12. For the base material, significant plastic deformation of the lath martensite is present in the near-surface region (8.4 μm in depth). A possible reason is that during high-temperature friction, the frictional force drives the surface microstructure to deflect along the direction of frictional motion. By leaning the martensite in the horizontal direction, plastic deformation of the surface layer occurs. For the USP-treated samples, the depth of the plastic deformation layer decreases as the USP treatment duration increases (2.1 μm at 10 min USP treatment).





4. Discussion


4.1. Microstructure Refinement Mechanism


A gradient nanograined surface layer was generated in the M50 steel after the USP treatment. Plastic strain-induced grain refinement is closely related to the accumulation of dislocations [37]. The lath martensite of M50 steel base material contains a large number of dislocations as seen in the KAM map in Figure 1. As the surface roughness increases under the continuous USP impact (Figure 3), the strain accumulates. The large plastic strain leads to the accumulation of dislocations. By absorbing dislocations present inside the martensite laths, dislocations could evolve into the LABs with an increase in dislocation density [38]. Then subgrains are formed in the original martensite packet through the interconnection of LABs. Meanwhile, as the plastic strain further increases, the subgrains will rotate and deform to accommodate the increased plastic strain (Figure 7). As LABs may evolve into HABs under large strains [22], the content of small-angle grain boundaries in the near-surface region after USP treatment is low. As a result, the microstructure of M50 steel in the near-surface region is gradually homogenized and refined to nanoscale martensite subgrains under USP treatment. As the degree of strain decreases along the depth, the rotational deformation of the martensitic subgrains decreases, which leads to an increase in the proportion of LABs. In deeper regions with smaller strains, the grain refinement effect caused by the accumulation of dislocations gradually weakens.




4.2. Hardening Mechanism


The significant increase in hardness of M50 steel after USP treatment can be explained by two mechanisms. On one hand, the microstructure of the USP-treated M50 steel is greatly refined and distorted, which hardens the steel. According to the Hall–Petch equation [39],


  H =  H 0  +    k H     d     



(4)




where  H  is the surface hardness,    k H    a constant for a given material,    H 0    the appropriate constant associated with the hardness measurements, and  d  the average diameter of the lath martensite. After USP treatment, the lath martensite of the surface layer is transformed into subgrains with nanometer and submicron size. The refinement of lath martensite plays a considerable role in improving the surface hardness of M50 steel. On the other hand, the dislocation density of the M50 steel increases significantly after the USP treatment. Kocks et al. have reported that the storage of dislocations causes work hardening in crystals [40]. Since lath martensite has a BCT structure, dislocations do not easily move during deformation, and higher hardness could be obtained by dislocation storage. In short, the distorted martensite subgrains and high dislocation density in the USP-treated M50 steel contribute to the increase of surface hardness.




4.3. Wear Mechanism


Wear resistance is related to a variety of mechanical properties of metals, of which hardness is one of the most important. According to classical friction theory, the wear volume is proportional to the actual contact area during wear as determined by the hardness of the material [41].


  Δ V = f P L / H  



(5)




where  f  is the friction coefficient,  P  the applied load,  L  the sliding distance, and  H  the hardness. This relation applies to both adhesive and abrasive wear conditions. The experimental results indicate that the enhanced wear resistance is correlated with the significant increase of hardness induced by USP treatment. Simultaneously, the high residual compressive stress introduced by USP also contributes to the wear resistance, because the residual compressive stress in the hardening layer can prevent plastic deformation and retard the development of microcracks during wear tests [42]. The wear surface morphology in Figure 11 shows that the groove depth decreases and the plowing wear degree weakens with high residual compressive stress. Furthermore, the USP-treated samples show a reduction of oxidation on the worn surface. Due to the ultrastrong surface layer with gradient nanograin formed by USP treatment, fewer hard oxidized wear debris adheres to the worn surface during the wear process. Thus, the degree of abrasive wear is reduced, resulting in smaller grooves on the worn surface, as well as lower oxidation. Li’s study suggests that nanometals may have a lower coefficient of friction than coarse crystals because of their higher hardness [43]. This phenomenon has not been observed in this work, which may be due to the increase in surface roughness after USP treatment. The effect of high hardness in reducing the friction coefficient is offset by the poor surface morphology so that the friction coefficient of the USP treated M50 steel is slightly increased.



Based on the above observations, the functional mechanism of USP treatment on the wear properties of M50 steel during the sliding friction has been proposed in Figure 13. As shown in Figure 12 and Figure 13a, the cross-sectional microstructure of worn M50 steel is mainly composed of lath martensite and alloy carbides. Due to the low hardness and low residual compressive stress of the base material, a thick plastic deformation layer is formed during the wear process. On the surface of the wear track, there are many big grooves and oxidized wear debris (Figure 12). For the USP treated M50 steel shown in Figure 13b, as an ultrastrong surface layer with gradient nanograin is obtained, the thickness of the plastic deformation layer is decreased. This is mainly because of the fine microstructure of high hardness which reduces the frictional strain. At the same time, the wear surface is relatively smooth with small grooves distributed evenly on the wear track surface, and the oxidation degree is also significantly reduced (Figure 11). Therefore, the USP treatment can help to change the wear mechanism of M50 steel from severe plowing wear and oxidative wear to mild plowing wear.





5. Conclusions


In this work, we successfully fabricated ultrastrong M50 bearing steel with gradient nanostructure by ultrasonic shot peening technology. The effects of USP on the surface integrity, microstructure evolution, and wear behaviors of the M50 steel have been investigated, and quantitative characterization of the USP treated M50 steel has been provided. Conclusions can be drawn as follows:




	(a)

	
USP treatment can increase the surface roughness of M50 steel, and the surface roughness increases with the duration of USP treatment (from Sa 2.53 μm at 1 min to Sa 3.31 μm at 10 min).




	(b)

	
The dislocation density of the M50 steel has been greatly increased after USP treatment. A gradient nanograined surface layer with a thickness of more than 200 μm was fabricated and the thickness of the lath martensite has refined down to 20~600 nm. The high KAM value proves the presence of high dislocation density in the near-surface layer in the USP-treated M50 steel, and the dislocation density gradually decreases with increasing depth.




	(c)

	
The surface residual compressive stress is increased from 427.0 MPa to 1202.8 MPa. Additionally, the maximum hardness of the USP-treated M50 bearing steel is increased by 24% (from 795 HV to 987 HV) at a depth of around 100 μm. Beyond 100 μm, the hardness of USP treated M50 steel decreases with increasing depth. The trend follows that of the LABs proportion along the depth direction.




	(d)

	
The wear rate of the USP-treated M50 steel is reduced by 50.4% under sliding conditions compared to that of the untreated M50 steel, due to the ultrastrong surface layer with gradient nanograin. As the duration of USP treatment increases, the wear mechanism of the gradient nanostructured M50 bearing steel changes from oxidative wear and severe plowing wear to mild plowing wear, and the thickness of the plastic deformation layer generated during the friction process is reduced.









This study provides an effective surface treatment method to improve the wear resistance of high-strength M50 steel. With a sufficiently deep strengthening layer, the USP treatment method is expected to be applied to the practical production of bearings.
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Nomenclature




	HABs
	High angle boundaries



	IPF
	Inverse pole figure



	KAM
	Kernel average misorientation



	LABs
	Low angle boundaries



	POD
	Pin-on-disk



	QT
	Quenching and tempering



	SP
	Shot peening



	USP
	Ultrasonic shot peening
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Figure 1. EBSD results of M50 matrix after QT heat treatment: (a) IPF map; (b) grain boundary map; (c) KAM map; (d–f) statistical results of (a–c), respectively. 
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Figure 2. (a) Schematic diagram of the USP equipment; (b) surface status of the sample after USP treatment for 10 min. 
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Figure 3. Images of the surface morphology for the M50 steel with different USP durations: (a) 0 min; (b) 1 min; (c) 5 min; (d) 10 min. 
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Figure 4. (a) XRD patterns of the M50 steel with different USP durations; (b) (200)α peak; (c) (211)α peak; (d) (220)α peak. 
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Figure 5. SEM micrographs of cross-sectional microstructure of the M50 steel with different USP durations: (a) 0 min; (b) 1 min; (c) 5 min; (d) 10 min. 
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Figure 6. Cross-sectional EBSD images of the M50 steel after 10 min USP treatment: (a) IPF map; (b) grain boundary map; (c) KAM map; (d) statistical results of (a–c). 
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Figure 7. The (a) HADDF-STEM, (c) bright and (e) dark-field images of the base material; the (b) HADDF-STEM, (d) bright, and (f) dark-field images of 10 min USP treated sample at the topmost surface. 
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Figure 8. Vickers hardness distribution at different depths from the surface of the M50 steel with different USP durations. 
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Figure 9. Residual stress after USP treatment. 
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Figure 10. (a) Friction coefficient as a function of wear time; (b) section profile of the wear track; (c) width of wear track; (d) average friction coefficients and wear rates of the M50 steel with different USP durations. 






Figure 10. (a) Friction coefficient as a function of wear time; (b) section profile of the wear track; (c) width of wear track; (d) average friction coefficients and wear rates of the M50 steel with different USP durations.



[image: Metals 12 00424 g010]







[image: Metals 12 00424 g011 550] 





Figure 11. SEM characterizations of the worn surface of M50 steel with different USP durations: (a) 0 min; (b) 1 min; (c) 5 min; (d) 10 min. 
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Figure 12. Cross-sectional microstructure after wear test of the M50 steel with different USP durations: (a) 0 min; (b) 1 min; (c) 5 min; (d) 10 min. 
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Figure 13. Schematic description of the wear mechanism influenced by USP treatment: (a) without USP treatment; (b) after USP treatment. 
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Table 1. Chemical compositions of M50 bearing steel (wt.%).
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	C
	Cr
	Mo
	V
	Mn
	W
	Fe





	0.8–0.85
	4–4.25
	4–4.5
	0.9–1.1
	0.15–0.35
	≤0.25
	Bal.
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